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High levels of mitochondrial DNA sequence divergence in isolated populations of
freshwater snails of the genus Goniobasis Lea, 1862*
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Abstract: [n addition to their utility for phylogenetic reconstruction, mitochondrial sequence data have increasingly been applicd 1o studies
of species-level systematics, We amplified and sequenced a 709 bp fragment of the mitochondrial gene encoding artochrome oxidase 1 and
an approximately 530 bp fragment of the ribosamal large subunit [16S) gene for three individuals from each of three populations
representing geographic races of the well-studied freshwater “prosobranch” snail Gowiobasts proxma. By comparing intraspecific divergence
to divergence in these same genes among G. proxima and the related Goniobasis semicarinata and Geniobasis catenaria, our purpose was to
calibrate mitochondrial sequence data for application in future systemnatic studies of isolated, poctly-mobile molluscan populations in
which genetic relationships may be less well understood. We identified four distinct haplotypes in the nine mitochondrial genomes of G.
proxima amplified for each gene fragment, with a maximum likelihood sequence difference of 8.6%-16.9% for CO1 and 5.7%-18.7% for
165, These levels of intraspecific divergence overlapped extensively with interspecific maximum likelihood differences, which ranged from
11.4%-17.7% for COL and 9.53%-16.5% for 165. The extreme fragmentation that typically characterizes the population structure of
freshwater gastropods, together with the ability of such populations to reach large size and great age, must be taken into consideration before

systematic inference can be made on the basis of sequence divergence for these genes.
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All major invertebrate taxa include poorly known
groups in which the relationships between species are not
clear. In freshwater and terrestrial molluses, for example,
species ranges may be fragmented into isolated populations
and variation in shell morphelogy and cother traditional
characters may be negligible or subject to phenctypic plas-
ticity. Thus as the tools of molecular genetics have become
more accessible, malacologists have turned to DNA sequence
data as a source of evidence by which biological species may
Dbe distinguished.

Before any new measurement tool can be employed ef-
ficiently, however, it must be calibrated. Levels of DNA se-
quence divergence should first be examined within and
among populations for which specific relationships have
previously been established by breeding studies or similarly
direct means, If molecular data are to achieve ideal utility as
criteria for species recognition, the maximum levels of se-
quence divergence among populations known to be conspe-
cific should be less than the minimum sequence divergence
between known, closely related species.

Among the most commonly sequenced genes in studies
of molluscan population divergence are the mitochondrial
genes encoding cytochrome oxidase [ (COL) and the large
ribasomal subunit (165). Sequence variation for the CO1

gene distinguishes unambiguously among species of the ma-
rine vesicomyid clams (Baco et al. 1999), the freshwater
bivalve genera Lasmigona Raflnesque, 1831 (King er al. 1999)
and Corbicula Megerle von Mihlfeld, 1811 (Renard et al
2000), and the marine gastropod genera Crepidula Lamarck,
1799 (Collin 2000), Notoacmaea (Simison and Lindberg
1999), and Hydrobin Hartmann, 1821 (Wilke and Davis
2000, Wilke et al. 2000). Sequence variatien for the 165 gene
effectively discriminates among species in the marine bivalve
genera Ostrea Linnaeus, 1758 (O Foighil et al. 1995, 1998,
Jozefowicz and O Foighil 1998), and Mercenaria Schuma-
cher, 1817 (O Foighil et al. 1996), and in the freshwater
bivalve genera Amblema Rafinesque, 1820 (Mulvey et al
1997) and Dreissena van Beneden, 1835 (Stepien et al. 1999),
The 165 gene has also proven useful to distinguish species of
land snails in the genera Candidula Kobelt, 1871 (Pfenninger
and Magnin 2001), Discus Fitzinger, 1833 (Ross 1999) and
Cepaea Held, 1837 (Thomaz et al. 1996).

In some situations, however, the level of sequence di-
vergence within molluscan species has been found to exceed
divergence among species. In the special case of doubly-
uniparental inheritanice, the male and female mitochondrial
genomes within populations of Mytilus spp. and Anodosnita
spp. have diverged mere than between same-sex compari-

* From the symposium “The Biology and Conservation of Freshwater Gastropods™ presented at the annual meeting of the American
Malacological Society, heid 3-7 August 2002 in Charleston, South Carelina, USA.
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sons of valid species (Rawson and Hilbish 1995, Hoeh et al.
1996). Sequence divergence among conspecific populations
of the land snail Mardarina sp. from remote Pacific islands
has proceeded to the extent that between-species variance
seems to have been swamped (Chiba 1999).

We are aware of four prior works comparing the levels
of DNA sequence divergence within and among conspecific
populations of freshwater gastropeds to divergence between
related species, In three of these cases, researchers have re-
ported an overlap between the maximum levels of diver-
gence within species and the minimum divergence between
species. In the pleurocerid fauna of Alabama, Lydeard et al.
11998} reported that 165 divergence ranged from 0% to
3.93% within species of Gonjobasts Lea, 1862 {or Elimia H.
and A. Adams, 1854) and from 0.3% to 11.08% between
species, Populations representing different subspecies of the
oriental pomatiopsid Oncomelania hupensis (Gredler, 1881)
may show COl1 sequence differences exceeding those re-
ported between the related pomatiopsid genera Gamma-
triculan Davis and Liu, 1990 and Tricula Benson, 1843 (Davis
et al. 1998). Hershler et al. {1999b} reported that the CO1
divergence between twe Death Valley populations of the
hydrobiid Tryonia variegata Hershler and Sada, 1987 was
equal to or greater than the level observed in most other
comparisons among eight species of Tryonia Stimpson,
1865, The subsequent results of Hershler et al. (1999a) on a
larger sample of hydrebiids from the American southwest
seemed to cast doubt on previous assumptions regarding
specific relationships in this group. In any case, it is possible
that the evolution of DNA sequences in freshwater gastro-
pods may be more similar to that described by Chiba (1999)
for island populations of the land snail Mandarina sp. than
to the bivalves, marine gastropods, or even most terrestrial
gastropods that have attracted the bulk of previous study.

At the level of its pepulation genetics, the pleurocerid
Goniobasis proxima (Say, 1825) is among the best known of
all freshwater gastrepoeds. The purpose of this paper was to
assess sequence variation for the mitochondrial CO1 and
16S genes within and among populations of G. prexima and
compare the intraspecific values obtained to interspecific
values from two other well-characterized Goniobasis species
known to be related. Qur purpese is to confirm the small
body of previously published evidence suggesting that popu-
lations of freshwater snails may be so old, large, and isolated
that intrapopulation sequence divergence is liable to swamp
interpopulation sequence divergence in two of the mito-
chondrial genes most commonly examined by malacologists
using the tools of molecular genetics.

The Pleuroceridae is a holarctic family of freshwater
“prosobranch” gastropods that has diversified cxtensively in
the rivers and streams of the American southeast. Popula-
tions are perennial and may reach great densities, locally
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hundreds per square meter. Reproduction is entirely sexual,
as far as is known. The biology of the Pleuroceridae has been
reviewed by Dillon {2000). Geniobasis proximg is 2 common
pleurocerid inhabitant of small softwater streams in the
piedmont and mountains from southern Virginia to north-
ern Georgia, on both sides of the eastern continental divide.
Populations are isolated both by intervening mountain
ranges and by larger rivers, to which the snail does not seem
adapted. A sample of 25 populations from a 20,000 km? area
straddling the borders of Virginia, North Carolina, and Ten-
nessee showed extreme divergence in both morphology and
allozyme frequencies; some pairs of populations sharing no
alleles at multiple enzyme loci (Dillon 1984a). Three races of
G. proxima have been recognized {A, B, and C) on the basis
of shell morphology and allozyme divergence inhabiting dif-
ferent parts of the range (Dillon and Davis 1580, Dillon
1984b). Transplant experiments (Dillon 1988a) and artificial
introductions (Dillon 1986) have, however, uncovered no
evidence of reproductive isolation among any of these
populations.

As genetically diverse as Goniobasis proxima may be, its
levels of interpopulation divergence do not approach those
recorded among other well-characterized species, such as
Goniobasis sermicarinata (Say, 1829) (Dillon and Davis 1980)
or Goniobasis catenaria (Say, 1822) (Dillon and Reed 2002).
Goniobasis semicarinata is primarily an inhabitant of the
American interior, ranging through Ohio, Indiana, and Ken-
tucky, Tts biology is similar to that of G. proxima, although
it bears a heavier shell and is restricted to harder water and
lower elevations, The southern limit of G, semicarinata con-
tacts the northern border of the range of G. proxima in the
New River drainage of Virginia. Goniobasis catenaria inhab-
its streams and rivers on the southern and eastern borders of
the G. proxima range (Dillon and Keferl 2000). There are
several subspecies, one of which (G. catenaria dislocata)
bears a shell distinguishable from that of G. proxima only by
faint axial costae. The 2n = 36 karyotype of G. catenaria is
not strikingly different from the 2n = 34 karyotype of G.
proxima (Dillon 1589, 1991}, but there is no evidence of
hybridization between the two species, even in close contact
(Dillon and Reed 2002). So analyzed together, the Gosniobasis
fauna of the southeastern United States would seem an ex-
cellent model upon which to gauge the utility of mitochon-
drial sequence data for species discrimination in freshwater
gastropods, and perhaps in poorly-mobile freshwater inver-
tebrates more generally.

METHODS

Study populations
Although separated by less than 120 km over land, our
three populations of Goniobasis proxima shared no freshwa-
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ter connection (Fig. 1). Our Race A sample came from a
tributary of the Yadkin River, which drains south to the
Atlantic through the Pee Dee system, our sample of Race B
was from a tributary of the New River, flowing west to the
Mississippi through the Ohio River system, and our sample
of Race C was from a small tributary of the Dan River,
flowing east to the Atlantic through the Roanoke River sys-
tem. Our sample of Gonigbasis semicarinata was collected
from a smalt tributary of the New River only 50 km east of
our G. proxima Race C. Qur Genisbasis catenaria came from
a tributary of the Santee River, which flows through South
Carolina to the Atlantic approximately 350-400 km south of
the other four populations.

Detailed locality data are as follows: Goniobasis proxima
Race A-Naked Creek at NC 1154 bridge, 5.2 km N of Fur-
guson, Wilkes Co., NC. Gondobasis proxima Race B-Cripple
Creek at Va 671 bridge, 3.7 km E of Cedar Springs, Wythe
Co., VA, Goniobasis proxima race C-Nicholas Creek at Va

100_km
i

Figure 1. A portion of the southeastern United States, showing
drainage relationships among sample sites. The circles are popula-
tions of Goniobasis proxima (A, B, C), the squarc is a population of
Goniebasis semticarinata (Gs), and the triangle is a population of
Gontobasis catenaria (Gc).

623 bridge, 5.2 km SW of Ferrum, Franklin Co., VA. Go-
niobasis semicarinata-Little Pine Run at Va 100 bridge, 12
km § of Pulaski, Pulaski Co, VA, Goniobasis catenaria dislo-
cata-the head of Chapel Branch, Santee, Orangeburg Co.,
SC. Allezyme data and maps locating these populations have
been published as follows: Race A is “Yad” of Dillon and
Davis (1980) and Dillon and Reed (2002} or “Yadl” of Dil-
lon (1984a, 1988b). Race B is “Crip” of Dillon and Davis
(1980) and Dillon (1984a, 1988a), Race C is “Phlp” of Dillen
(1984a). Our Goniobasis semicarinata is population “Pine” of
Dillon and Davis {1980} and our G. catenaria dislocata is
population “Sant” of Dillon and Reed {2002).

We analyzed three individuals from each race of G.
proxima and one individual from each of the other two
species. Thus a total of 11 fragments were amplified and
sequenced for each of the two mitochondrial genes exam-
ined here.

Laboratory methods

Total cellular DNA was obtained using either fresh or
previously frozen samples of whole buccal mass (~20 mg).
Following proteinase K digestion of the tissue, the DNA was
extracted using either a DNeasy Tissue Kit (Qiagen) or by
two phenol and two chloroform extractions followed by
ethanol precipitation. The optimum DNA concentration for
PCR of each of the samples was determined empirically.

We amplified a 709 bp fragment of the mitochondrial
cytochrome oxidase I gene using the “universal” CO1 prim-
ers of Folmer ef al. (1994): 5'-ggtcaacaaatcatanagatattgg-3’
and 5'-taaacttcagggtgaccaaaaaatca-3'. Our 525-332 bp frag-
ment from the 5' half of the 165 mitochondrial rDNA gene
was amplified using primers “SNL002” and “SNL448” of
Lydeard ef al. (1997, 1998}, the former trimmed slightly to
afford a Dbetter match of annealing temperatures: 5°-
aaatgattatgctaccttt-3' and 5'-gasatitcattcgeactag-3'. The
primer “l6sar-L” (or L2510) commonly used as a starting
point to amplify the 3’ half of the mitochondrial 165 gene
(Palumbi et al. 1991} is encountered around bases 410-430
of the sequences we determined in the present study.
Lydeard et al. (1998} reported that the 5 half of the pleu-
rocerid 165 gene shows greater variability than the 3’ half
more usually sequenced by other workers.

A typical amplification reaction of 50 uL contained 1.5
pL of DNA (the optimum amounts generally ranged be-
tween 50 and 200 ng, determined empirically), 100 mM Tris
(pH 9}, 50 mM KCl, 1.5 units of Taq DNA polymerase, 150
pM of each of the four deoxynucleotide triphosphates, and
0.2 pM of each primer. PCR amplification was by a 15 min
95°C activation step followed by 30 cycles, each consisting of
45 sec at 94°C, 1 min at 45°C, and 1 min at 72°C. Upon
completion of the 30 cycles a 10 min 72°C incubation was
performed to extend uncompleted strands. Amplification of
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fragments of the expected size was verified by agarose gel
electrophoresis. The PCR-amplified DNA was prepared for
sequencing using a QlAquick PCR purification kit (Qiagen).
Cycle sequencing was performed by the Medical University
of Seuth Carolina Biotechnology Resource Laboratory. The
PCR product was sequenced twice for both strands.

Analysis

Qur initial alignments of the four sequence fragments
obtained for each individual were performed using the “Web
align” feature of Biowire Jellyfish (version 1.5, Biowire.com}
with default settings. Final glignments (between individuals)
were performed online with program biastn through the
“Blast two sequences” utility available from the National
Center for Biotechnology Information (Tatusova and Mad-
den 1999, NCBI 2003), The apparently high frequency of
indels in our 168 data prompted us to lower the gap opening
penalty from 10 to 2 and the gap extension penalty from 2
to 1. The strong A/T bias also observable in our 16§ data
prompted us to de-select the low complexity filter.

We translated our CO1 sequence fragments with the
invertebrate mitochondrial code and a +3 lag using Biowire
Jellyfish, then aligned the resulting amino acid sequences
pairwise with the biastp program, also available online
through the NCBI “Blast two sequences” utility (NCBI
2003). All blastp parameters were set to defaubt, except that
the low complexity filter was de-selected.

We recorded the simple percent nucleotide difference
{“p distance™) between cach unique pair of sequences as one
minus the identity returned by the pairwise BLAST utility,
extending through the entire (unvaried) primer region on
each end. Where indels had apparently yielded twe se-
quences of different lengths, the length of the larger se-
quence served as denominator in the caiculation of identity,
Thus the impact of each indel was weighted by its length.

We also calculated maximum likelihood (ML) distances
among our sequence fragments using the DNADIST pro-
gram avaitable in PHYLIP {version 3.573c, Felsenstein 1995),
Both the base composition frequencies and transition:trans-
version ratios were determined empirically. A single joint
analysis was performed for the CO1 data. Because indels are
scored as missing data (rather than as mismatches) in the
calcutation of ML distances, however, their accumulated ef-
fects across the diverse 165 sequences we ultimately obtained
would have resulted in substantial loss of data upon multiple
alignment. We therefore elected to calculate ML distances
among 165 sequences pairwise in multiple separate runs,
rather than in a single joint analysis.

For parsimony analysis, we performed a conventional
multiple alignment of our 16S sequences using BioEdit ver-
sion 5.0.9 {(Hall 1999) and concatenated each 168 sequence
{elongated by multiple insertions) to its corresponding CO1
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sequence. We then analyzed the combined data set using
PAUP* version 4.0b10 (Swofford 2002), setting Gonicbasis
sernicarinata as root, Goniobasis tatenaria as root, and semi-
carinata + catenaria as root, with 1,000 bootstrap replicates.

RESULTS

Results for the CC1 and the 16S genes were similar in
many respects. All theee individuals of Goniobasis proxima
from population A yielded identical CO1 and 165 haplo-
types, as did all three individuals from population B. Popu-
lation C yielded two strikingly different CO| haplotypes and
twa strikingly different 165 haplotypes. For both genes, the
haplotype carried by two individuals was designated “C1”
and the haplotype carried by the third snail was designated
“C2.” The two other species, Goniobasis semicarinata and
Goniobasis catenaria, also yielded distinct haplotypes, result-
ing in six unique sequence fragments for each gene. The total
of 12 unique sequences has been entered in GenBank, ac-
cession numbers AY063464-AY063475.

The total length; from the 5° beginning of the first
primer to the 3" end of the second primer, was 709 bp for ali
six unique CO1 sequence fragments, Table 1 shows that the
simple uncorrected nucleotide difference between the four
sequences of Goniobasis proxima ranged from 8.0% between
populations A and B to 14.7% between the two sequences
identified in population C. This translated to an amino acid
difference of 1.3%-5.5%. Interspecific divergence was not
strikingly different from intraspecific divergence, cvaluated
at the maximum. The uncorrected difference between Go-
niobasis semicarinata and the other species, and between
Goniobasis catenaria and the other species, ranged from
10.2%-15.2% as nucleotides or 0.4%-5.1% as amino acids.

Combined over the six unique COl sequences we ob-
tained, the base frequencies were 24%aA, 19%C, 20%G, and

Table 1, Comparisons of six mitochondrial COl sequence frag-
ments amplified from three species of Goniobasis, Above the di-
agonal are the percent differences (p distances) of nucleotide bases
(709 in the denominator, including both primers) and below the
diagonal are percent amino acid differences {235 in the
denominator),

A B Cl c2 Gs. G

G. proxima A 80 140 141 L7 109
G, proxima B 43 127 145 102 103
G. proxima C1 2.1 55 14.7 13.5 152
G proxima C2 17 5l 13 135 144
G. semicarinata 0.4 38 1.7 1.3 12.1
G. catenaria 09 51 50 21 13
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37%T. Pairwise transition : transversion (Ts : Tv) ratios are
shown in Table 2, the overall empirical ratio being 4.14.
Corrected by the base frequencies and the Ts : Tv ratio, the
six sequences are arranged by their maximum likelihood
distances in Fig. 2.

The distance from the 5 end of the leading primer to
the 3’ end of the trailing primer for the 165 fragment am-
plified in this study ranged from 524-532 bp for the six
unique sequences we obtained. Table 3 shows that uncor-
rected sequence differences ranged from 6.1%-17.1% among
the populations of Genfobasis proxima, with 1-4 indels ap-
parent for each comparison, Evaluated at the maximun, this
is again not strikingly different from the levels of divergence
between species, which ranged from 9.3%-17.9%.

Variable bases did not seem equally distributed across
the approximately 530 bases of the 165 fragment we ampli-
fied, but rather seemed localized, as one might expect from
the stem-and-loop structures assumed by ribosomal sub-
units. Apparent Ts : Tv ratios were generally low, approach-
ing unity in several instances {Table 2). Across all six unique
168 sequence fragments (3,170 bases) the base frequencies
were 35% A, 36% T, 13% C, and 16% G. Corrected by base
composition and pairwise Ts : Tv ratios, the sequences are
diagramed by their maximum likelihood distances in Fig. 3.

Multiple alignment elongated the joint 16§ product to
545 bases by multiple insertion, which when concatenated
with the 709 CQ1 bases yielded a combined sequence of
1,254 characters. Of these 928 were constant, 207 were par-
simony-uninformative, and 119 were parsimony-
informative. Phylogenetic analysis with both Gomiobasis
semicarinata and Gonichasis catenaria specified as roots re-
turned single trees of length 478 (CI = (0.8159, HI = 0.1841),
both depicting Goniobasis proxima as paraphyletic. The third
analysis, combining G. semicarinata and G. catengria, could
not be rooted such that the outgroup was monophyletic, and
collapsed to yield the single tree rooted by G. semicarinata
alone (Fig. 4).

Table 2. Apparent transition : transversion ratios in comparisons
of six mitechondrial sequence fragments amplified from 3 species
of the genus Goniobasis. Data for the CO1 gene are above the
diagonal, and those for the 168 gene are given below,

A B Cl C2 G.s. G.c.
G. proxima A 16.7 350 350 457 381
G, proxima B 6.00 3.05 3.86 3.80 3.50
G. proxima Cl 3.86 8.00 252 225 312
G. proxima C2 2,35 233 215 256 233
G. sernicarinata 342 2.83 238 1.31 3.85
G. catenaria 4,18 346 2.86 1.18 1.29

Figure 2, The six unique mitochondrial COI sequence fragments
diagramed by their raximum likelihood distances. The circles are
Gonifobasis proxima (A, B, Cl, C2), the square is Goniobasis semi-
carinata {Gs), and the triangle is Goniobasis catenaria (Gc). Thick
segments join haplotypes that are less than 10% different, thin
segments connect haplotypes ranging from 10%-15% different, and
dashed segments join haplotypes of greater than 15% maximum-
likelihood distance.

DISCUSSION

The level of sequence divergence we abserved within
and among canspecific populations of Genisbasis proxima
was exceptionally high. A review of the melluscan literature
suggests that intraspecific divergence in either of the genes
we exarnined here typically ranges no higher than 5%. This
generalization holds true for marine gastropods (Simison
and Lindberg 1999, Collin 2000, Hamm and Burton 2000,
Wilding et al. 2000, Wilke and Davis 2000), marine bivalves
(Geller et al. 1993, o} Foighil et al. 1996, Chase et al. 1998, s}
Foighil et al. 1998, Baco et al. 1999), and freshwater bivalves
(King et al. 1999, Stepien ef al. 1999, Renard e af. 2000). A
notable exception occurs in the sex-specific haplotypes of
certain bivalves, which may differ by as much as 30% (Hoeh
et al. 1996, 1997). Levels of sequence divergence among con-
specific populations of land snail are also generally reported
te reach maxima higher than the 5% typical for most mol- -
luscs: 5.3% in Partulina Pfeiffer, 1854 (Thacker and Hadfield
2000), 8% in Candidula (Pfenninger and Magnin 2001},
8.4% in Discus (Ross 1999), 9.5% in Euhadra Pilsbry, 1890
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Table 3. Comparisons of six mitochondrial 165 sequence fragments amplified from three species of
Gonigbasis. The diagonal gives the sequence length, including both primer regions. Above the di-
agonal are percent nucleotide differences (p distances), where the denominator is the sum of the
sequence length and its corresponding apparent number of indel bases. Below the diagonal is the
number of indels, recorded as the apparent number of deletions in the column sequence (total bases]

over the number of deletions in the row sequence (total bases).
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populations of freshwater gas-
tropods. Lydeard er al. {1998)
compared 8 individual Gonio-
basis (or Elimia) carinocostaia
(Lea, 1843) from five sites and
obtained a maximum 16S se-
quence divergence of 3.9%.

A B C1 c2 Gas. G A ¢

The maximum CO1 divergence
G. proxima A 528 6.1 74 17.1 112 125 amang conspecific individuals
G. proxima B 0/3(3) 525 6.2 16.4 9.3 128 of Tryonia from Death Valley
G. proxima C1 1(2)40 3(5)/0 530 14.5 3.8 12.8 was 5.2% (Hershler ef al.
G. proxima C2 35127 460 47026y 531 147 17.8 : r X
G. semicarinate  0/2(4) {2 0308 101)/4(8) 524 1.8 (1)9 99b). }V‘t!’mkmbs"e?’esﬂf ¢
G. catenaria TR MBI 48)M4(6)  S(12)/3(11)  3(8We 532 neometania hupensis, the

maximum CO1 divergence

Fignre 3, The six unique mitochondrial 165 sequence fragments
diagramed by their maximum likelihood distances. The circles are
Goniobasis proxima (A, B, Cl1, C2), the square is Goriobasis senti-
carinata (Gs), and the triangle is Goniobasis catenaria (Ge). Thick
seginents join haplotypes that are less than 10% different, thin
segments connect haplotypes ranging from 10%-15% different, and
dashed segments join haplotypes of greater than 15% maximum-
likelihood distance.

(Hayashi and Chiba 2000}, 11.1% in Helix Linné, 1758
(Guiller er al. 2001), 12.9% in Cepaea (Thomaz et al. 1996),
13% in Arianta Leach in Turton, 1831 (Haase et al. 2003)
and 18.7% in Mandaring {Chiba 1999).

It is difficult to generalize regarding the levels of se-
quence divergence previously reported among conspecific

seemed to average around
2.1% (Davis et al. 1999), while maxima between the subspe-
cles reached 14.2-15.3% (Davis et al. 1998).

In Goniobasis proxima, we have discovered maximum
divergences of p = 14.7% or ML = 16.9% for the CO1 gene
and p = 17.1% or ML = 18.7% for the 165 gene. These rank
among the highest intraspecific value for sequence diver-
gence yet reported for molluscs. Thomaz et al. (1996) sug-
gested four (overlapping) explanations for the high levels of
sequence divergence they abserved among populations of
the land snail Cepaea nemoralis (Linné, 1758): a large effec-
tive population size, fragmentation of the range into isolated
demes, disruptive seiection, and a systemically higher rate of
mitochondrial evolution. Of these four, the factor most con-
spicucusly shared by the land and freshwater snails (but not
by marine molluscs or by bivalves generally) is population
fragmentation. Our three populations of G, proxinta shared
no connection through water and may have been isolated for
millions of years.

Our sample of three Race C snails included a pair of
strikingly divergent haplotypes for both the genes we exam-
ined. The population from which these snails were drawn
(“Phlp” of Dillon 1984a} is homogeneous both in morphaol-
ogy and in gene frequency at seven enzyme-encoding
nuclear genes. Apparently, conspecific pleurocerids sampled
from adjacent rocks may show mere mitochondrial DNA
sequence divergence than verifiably distinct species isolated
by 400 km overland. Data addressing the possible exisience
of intermediate forms between these two diverse mitochon-
drial haplotypes in the Phlp population would cast light on
whether such great genetic diversity may have evolved in situ
or might reflect the admixture of two previously isolated
populations.

The levels of sequence divergence we observed within
and among populations of Goniobasis prexima exceeded
their (interspecific) divergence with Genfobasis semicarinata
and Goniebasis catenaria in many cases. For the COL gene,
haplotypes A and B were more similar to G. semicarinata or
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Gs cz2c1 A B Ge

proxima

semicarinata catenaria

Figure 4. The single most parsimenious tree (CI = 0.816, HI =
0.184) returned by phylogenetic analysis where Goniobasis senti-
carinata was specified as root. Bootstrap values (percent of 1,000
replicates) are indicated al the nodes.

G. catenaria than to either C1 or C2, regardless of the metric
employed (Table 1, Fig. 2). For the 165 gene, haplotype C2
was so strikingly distinct as to render all the other five hap-
lotypes neighbors by comparison (Table 3, Fig. 3).

Phylogenetic analysis of the combined data set under
the parsimony criterion suggested that Goniobasis proxima is
paraphyletic with respect to either of its congeners in the
American southeast. This may be a consequence of “lineage
sorting” as depicted in Fig, 4 (Takahata and Nei 1985,
Rosenberg 2003). The bootstrap support for most of the
branches in the phylogeny was not high, however, and the
tree topology may reflect more noise than signal.

There is some evidence that the sites available for varia-
tion in these genes may be approaching saturation in this
sample of populations of Goniebasis. Haplotypes A and B
appeared to be the most similar by almost all measures, and
displayed an exceptionally high Ts : Tv ratio {Table 2).
Omitting the A/B comparison for CO1, the overall average
Ts : Tv ratio across the six populations droped from 4.14 to
3.24-The relationship between B and C1 was alse apparently
close {judging from 165 data) and characterized by a high
Ts : Tv ratio. Setting aside these two individual comparisons,
however, the Ts : Tv ratios we obtained were generally less
than 4 : 1. [t is interesting to note that the greatest difference
in COL amino acid sequence (5.5%) was posted between
Goniobasis proxima B and C1, which the maximum likeli-

hoed analysis of 165 sequence data suggested as the most
similar pair of populations. Our observation that interspe-
cific differences in amino acid sequence were strikingly lower
than intraspecific differences in most cases (Table 1) further
suggests that sequence divergence may be approaching satu-
ration in these highly isolated populations of freshwater
snails.

Under such circumstances, systematic inference must be
made with care. The existence of a high level of sequence
divergence can apparently be interpreted as little evidence
that a pair of freshwater snail populations is specifically dis-
tinct, The only other pleurocerid populations for which data
are available on both gene frequencies at nuclear loci and
mitachondrial sequence divergence are the Lepfoxis spp. of
Alabama. Lydeard et al. (1997) reported up to 19.4% se-
quence divergence for the 165 gene among single individuals
of three nominal species: Leptoxis ampla (Anthony, 1855),
Leptoxis tagniata (Conrad, 1834), and Leptoxis picta (Con-
rad, 1834}. These results appeared incompatible with a much
larger data set on gene frequencies at nine enzyme-encoding
loci in six pepulations {30 individuals per population),
which suggested that the three nominal species might be
conspecific (Dillon and Lydeard 1998}, It now seems appar-
ent that an uncorrected sequence difference as high as 19%
for the 165 gene does not necessarily contradict the conspe-
cific hypothesis for pleurocerid populations,

An observation of low levels of divergence may consti-
tute some evidence that a pair of populations is conspecific,
however. In addition to their data on the three individuals of
Leptoxis spp. noted sbove, Lydeard and his colleagues
(Lydeard et al. 1997, 1998, Holznagel and Lydeard 2000)
have reported sequence data from the 165 rDNA gene for
over 30 species {representing five genera) of North American
pleurocerid snails. Their sampling effort has focused on the
Mobile Basin of Alabama because of its putatively high pleu-
rocerid diversity, and has been directed toward elucidating
higher-level evolutionary relationships. Like most of the
American freshwater gastropod fauna, however, the tax-
onomy of the Alabama Pleuroceridae predates the modern
synthesis, being based almost entirely upon minor attributes
of the shell. The maximum divergence among the individual
snails representing seven nominal species of Alabama Go-
niobasis sequenced by Lydeard ot al (1997) was only 7.89%
(uncorrected), with many pairwise values less than 2%. A
critical re-examination of the biological species of pleuro-
cerid snails in the Mobile Basin, and throughout most of
North America, is long overdue.
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